An in vitro study of the antifungal activity of Trichoderma virens 7b and a profile of its non-polar antifungal components released against Ganoderma boninense § Ganoderma boninense is the causal agent of a devastating disease affecting oil palm in Southeast Asian countries. Basal stem rot (BSR) disease slowly rots the base of palms, which radically reduces productive lifespan of this lucrative crop. Previous reports have indicated the successful use of Trichoderma as biological control agent (BCA) against G. boninense and isolate T. virens 7b was selected based on its initial screening. This study attempts to decipher the mechanisms responsible for the inhibition of G. boninense by identifying and characterizing the chemical compounds as well as the physical mechanisms by T. virens 7b. Hexane extract of the isolate gave 62.60% ± 6.41 inhibition against G. boninense and observation under scanning electron microscope (SEM) detected severe mycelial deformation of the pathogen at the region of inhibition. Similar mycelia deformation of G. boninense was observed with a fungicide treatment, Benlate ® indicating comparable fungicidal effect by T. virens 7b. Fraction 4 and 5 of hexane active fractions through preparative thin layer chromatography (P-TLC) was identified giving the best inhibition of the pathogen. These fractions comprised of ketones, alcohols, aldehydes, lactones, sesquiterpenes, monoterpenes, sulphides, and free fatty acids profiled through gas chromatography mass spectrometry detector (GC/MSD). A novel antifungal compound discovery of phenylethyl alcohol (PEA) by T. virens 7b is reported through this study. T. virens 7b also proved to be an active siderophore producer through chrome azurol S (CAS) agar assay. The study demonstrated the possible mechanisms involved and responsible in the successful inhibition of G. boninense.
Introduction
Basal stem rot (BSR) disease is a severe disease affecting oil palm (Elaeis guineensis Jacq.) which leads to a significant economic loss in Southeast Asia oil palm plantations. Ganoderma boninense, a white rot fungus causes this devastating disease. G. boninense can degrade lignin in the wood into carbon dioxide and water, which exposes cellulose as a nutrient for the white rot fungus (Paterson, 2007) . The infection begins with fungal mycelia penetration into the oil palm roots, and it eventually spreads to the stem bole, which collapses the oil palm trunk (Rees et al., 2009) . There is yet an effective control measure in ceasing the spread while chemical application which provides minimal control is not recommended due to the harmful and detrimental effect to the environment (Dias, 2012) .
Therefore, discovering a biological control agent (BCA) for disease management is a recommended green approach that is slowly being adopted by many agricultural industries throughout the world. Trichoderma species, an ubiquitous soil borne fungi has been widely introduced as a potential BCA due to its unique characteristics, such as aggressive opportunist, whereby it competes for nutrients and space, promotes plant growth and induces plant defensive mechanisms (Harman et al., 2004) . It also features mechanisms such as mycoparasitism and antibiosis (Harman et al., 2004) . The Trichoderma species comprises of aggressive colonizers that are active against several fungal phytopathogens (Abdel- Fattah et al., 2007; Reino et al., 2007) . Since they sporulate abundantly, Trichoderma species are widely recovered in most surveys exploring microbial biodiversity (HosseyniMoghaddam and Soltani, 2013) . However, in recent studies, Trichoderma species has been reported as an endophyte due to its ability to colonize the internal tissues of plants. Previous study on Theobroma cacao by Evans et al. (2003) showed that Trichoderma species can persist not only within the plant's root system but also above ground tissues through endophytic associations. In addition, the application of endophytic Trichoderma may further improve biological control strategies for BSR disease because they are buffered from environmental changes, which is an important criteria in rhizosphere competence (Sundram, 2013 ) that facilitates colonization within the root of the host without being affected by environmental changes in the rhizosphere.
Endophytes are a source of a plethora of known and novel biologically active secondary metabolites that confer major ecological benefits to their host plants (Brader et al., 2014) . Therefore, antibiosis, a widespread strategy used by the Trichoderma species and its endophytic relationship in nature has a better combination in defence against various pathogenic fungi by releasing metabolites that act as antifungal, antibacterial, or anticancerous compounds (Shi et al., 2012) . The compounds produced by endophytic fungi may benefit the host plant by contributing an additional defence against the host plant pathogens (Macías-Rubalcava et al., 2010) . A successful BCA also capable of secreting different types of secondary metabolites that range from non-polar to polar compounds. Trichoderma also produce numerous non-volatile and volatile organic compounds (Reino et al., 2007; Morath et al., 2012) . A variety of antifungal compounds secreted by Trichoderma species, such as sesquiterpenes, pyrenes, and peptaibols, are antifungal agents responsible for inhibiting pathogens (Reino et al., 2007) . These antifungal agents released by Trichoderma species may act by directly inhibiting the growth of pathogens, or by indirectly triggering the defence system in the host plant, in return increasing disease resistance and promoting plant growth (Vinale et al., 2012) . Like all free-living organisms, fungi are constantly in competition for the limited nutrients for survival. Iron for example, is an essential element in metabolic and informational cellular pathways, and the acquisition of iron is crucial for microorganisms (Howard, 1999; Symeonidis and Marangos, 2012) . Typically, iron chelators are synthesized by various fungi for iron acquisition under iron starvation conditions; these chelators are referred to as siderophores. The ability to compete for nutrient uptake is one of the important mechanism for a successful BCA in controlling soil borne pathogens. Trichoderma species are known for their ability to produce siderophore that efficiently competes for iron acquisition (Benitez et al., 2004) .
Therefore, this study looks into the potentials of endophytic Trichoderma as a biofungicide against basal stem rot disease in oil palm. T. virens 7b was selected due to its highly inhibitory spectra that showed significant G. boninense PER 71 suppression, which was confirmed using dual culture and poison agar techniques (Sundram, 2013) . However, the mode of action for this antagonism remained unclear. Antagonism by BCA is attributed to physical, chemical, and biochemical mechanisms (Knudsen and Dandurand, 2014) . The present work attempts to decipher the antagonistic mechanisms that may be responsible in this pathogen and BCA interaction.
Materials and Methods

Biological material Trichoderma virens 7b
The endophytic isolate, T. virens 7b, was supplied by Gano-DROP Unit, Malaysian Palm Oil Board, Malaysia (Sundram, 2013) . Endophytic Trichoderma was selected based on two screening methods; dual culture and poison agar technique (Sundram, 2013 Sundram (2013) and field study conducted by Sundram et al. (2016) . The isolate was maintained at 28°C in potato dextrose agar (PDA) (Difco) at dark. G. boninense PER 71, pathogen used for this study was isolated by Idris (1999) from United Plantations Sdn Bhd, Teluk Intan, Perak, Malaysia and was maintained with PDA at 28°C in the dark.
Identifying the endophytic Trichoderma
Fungal DNA was extracted using microLYSIS-PLUS (Microzone Limited) and purified using microCLEAN (Microzone Limited) in accordance with the manufacturer's instructions. Polymerase chain reaction (PCR) analyses were used to amplify the internal transcribed spacer (ITS) region using the primer pairs TW81 (5′-GTTTCCGTAGGTGAACCTGC-3′) and AB28 (5′-ATATGCTTAAGTTCAGCGGGT-3′) (Howlett et al., 1992) . The PCR experiments were performed in a 50 μl reaction mixture containing 5 μl of template DNA, PCR mastermix (45 μl) 1X Taq DNA polymerase buffer (Invitrogen), 0.5 mM dNTPs (Biolab), 1.25 mM of magnesium chloride (MgCl2) (Invitrogen), 0.5 mM of each primer, 1 U/μl of recombinant Taq DNA polymerase (Invitrogen) and sterile distilled water to a final volume of 50 μl. The reaction was performed using the following programme: 95°C for 5 min; 35 cycles of 95°C for 30 sec, 52°C for 30 sec, 72°C for 60 sec, and 72°C for 10 min using a Vapoprotect TM Mastercycler Pro S (Eppendorf). Five microliters of the PCR product was electrophoresed on a 1.2% agarose gel (Sigma-Aldrich ® ) in 1X Tris-Acetate-EDTA (TAE) buffer (Research Instrument) at 80 V for 50 min. The target region was amplified and examined under a UV Imager (UVP) and analysed using VisionWorksLS Version 8.1.2 software. The PCR product was sequenced at 1st BASE, Malaysia. The ITS sequence data were compared with the non-redundant protein database available at the National Center of Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih.gov) using the BLASTN program with thresholds at E-value ≤ 1e -5 and 50 bit score. The T. virens 7b isolate consensus sequences were aligned using BioEdit software. Nineteen additional isolates from other sources were obtained from GenBank for comparison (Table 1) . A phylogenetic tree was generated through neighbour-joining with bootstrap analyses using 1,000 replicates and MEGA 6.06 (Hall, 2013) .
Bilayer plate technique to test diffusible metabolite production
Diffusible metabolite production by endophytic T. virens 7b was assessed by method described previously (Sundram, 2005) . Endophytic T. virens 7b agar plugs 6 mm in diameter 
Culture filtrate cultivation and extraction
Endophytic T. virens 7b was cultured on a PDA plate for 7 days. The culture plated on PDA served as starting culture for the potato dextrose broth (PDB) (Difco) liquid culture. Six 0.6 cm of T. virens 7b discs from 7 days-old culture were inoculated in PDB in Erlenmeyer flasks with a cork borer at 28°C on a shaker at 150 rpm for 7 days. The T. virens 7b culture filtrate was collected through filtration using filter paper (Filtres Fioroni 601) and a 5.0 μm syringe filter. The antifungal compounds in the T. virens 7b culture filtrate were assessed using the extraction method performed as previously described (Shakeri and Foster, 2007) with slight modifications. The T. virens 7b culture filtrate in PDB was extracted with a one-quarter volume of hexane (Qrec) by shaking vigorously for 5 min and resting for 30 min. The hexane phase was collected. The extract was dried with sodium sulphate (Na2SO4) and concentrated using a reduced pressure rotary evaporator (Rotavapor ® R-210/R-215 equipped with a controller V-850) at 60°C to obtain the dried extracts. The extraction procedure was repeated with the solvents ethyl acetate (EtOAc) and butanol (BuOH) and then obtaining the T. virens 7b crude culture filtrate extract. The dried extract was maintained at -30°C.
Evaluating the antifungal properties of T. virens 7b
The effects of extracts with increasing polarity were determined using a modified dual culture assay (Sundram, 2013) . The previously obtained dried extract was dissolved in dimethyl sulfoxide (DMSO) (Sigma) to a concentration of 50 mg/ml. Wells 0.6 cm in diameter were introduced through puncturing the PDA 2 cm from the plate periphery using sterile cork borers. A 30 μl extract of 50 mg/ml was added to the well, and G. boninense was inoculated at the opposite side of the plate. The antifungal assay was performed using 5 replicates. The plates were incubated at 28°C, and G. boninense PER 71 growth was monitored after 1, 3, 5, 7, and 8 days. The PIRG of G. boninense on day 7 was calculated with the following equation: PIRG (%) = (R1-R2)/ R1 × 100% R 1 was without extract and R 2 was treated with extract.
Observing mycelium using a scanning electron microscope (SEM)
The methodology was based on Alves and Lucas (2013) with slight modifications. Discs with a diameter of 0.6 cm from healthy G. boninense PER 71 and treated G. boninense PER 71 (G. boninense that were subjected to different treatments using Trichoderma extracts through well diffusion assay) obtained on day 7 at the inhibition region using the modified well diffusion assay were immersed in vials of modified Karnovsky's fixative solution (2.5% glutaraldehyde (BDH Chemicals); 2.5% paraformaldehyde (Sigma Aldrich); 0.05 M cacodylate buffer (Fluka); and 0.001 M calcium chloride (R&M Chemicals) at pH 7.2.) The G. boninense PER 71 discs were maintained in the fixative solution for 24 h at 4°C. The G. boninense discs were washed in cacodylate buffer 3 times for 10 min each wash. The mycelium discs were post-fixed in a 1% osmium tetroxide aqueous solution in water for 1.5 h at room temperature. Subsequently, the discs were rinsed three times in distilled water followed by a dehydration step in a crescent series of acetone solutions (25, 50, 75, 90, and 100%) . The dehydration step was performed for each concentration up to 90% and twice for the 100% concentration at 10 min each. The mycelium discs were transferred to a critical point dryer (CPD) to complete the drying process. The mycelium were mounted on aluminium stubs with double-stick carbon tape and coated with gold using a sputter. The mycelium discs were observed using a SEM.
Isolating and assaying non-polar antifungal compounds produced by T. virens 7b
Preparative thin layer chromatography (P-TLC) (Merck) was performed to separate the hexane extract due to its higher antifungal activity on the G. boninense PER 71. The methodology was performed based on Panigrahi et al. (2014) . Hexane extract was spotted on the 20 cm × 20 cm P-TLC plate and developed in hexane, dichloromethane and methanol (3:10:1; v:v:v) . The developed P-TLC plates were visualized under UV light (365 nm). The separated bands were scraped off based on the relative front value (Rf). Once each band was scraped, it was extracted 5 times each with hexane and ethyl acetate (1:1; v:v) to complete the extraction. The extracted fraction was evaporated to dryness using a rotary evaporator at 60°C. The dried extract weight was measured and it was dissolved in DMSO at 10 mg/ml. Different T. virens 7b fractions from the P-TLC plates were tested for antifungal activity. The antifungal activities of each P-TLC fraction against G. boninense PER 71 were determined using a modified well diffusion assay (Tan et al., 2002) . Wells 0.6 cm in diameter were introduced through puncturing the middle of the PDA using a sterile cork borer. The bioassay was performed by loading 30 μl of the P-TLC-extracted fraction 7b into the well at 10 mg/ml. Two 0.6 cm G. boninense PER 71 agar discs were inoculated at 1 cm from the well on both sides. The antifungal assay was performed with five replicates. The plates were incubated at 28°C, and G. boninense PER 71 growth was monitored for 4 days. The inhibition zone distance was calculated by measuring the distance from both sides of mycelium end towards the well.
Identifying the bioactive compounds in the active fraction using a gas chromatography mass spectrometry detector (GC/MSD)
The bioactive compounds produced by T. virens 7b were analysed using a gas chromatography mass spectrometry detector (GC/MSD). The active fractions, fraction 4 (6.79 mg) and fraction 5 (7.78 mg), obtained from the preparative TLC were dissolved in a hexane and EtOAc mixture (1:1; v:v) . The GC/MSD (Agilent Technologies 7890A) was equipped with the non-polar capillary column HP5 (30 m length × 0.25 mm i.d., 0.25 μm film thickness) and helium (99% purity) as the carrier gas at a 2 ml/min flow rate. The injection volume was 1 μl. The oven temperature programming was as follows: initial temperature at 50°C (held for 4 min) and ramped at 5°C/min to 250°C. The injector temperature was maintained at 200°C in a spilt mode of 50:1 with a spilt flow of 20 ml/min at 1 min and a total flow of 54 ml/min with a scan range from m/z 35 to 500. The compounds were identified based on matching between the mass spectra (MS) of unknown and reference compounds in the National Institute of Standards and Technology (NIST) library.
Preparing the chrome azurol S (CAS) plates for the siderophore study
Siderophore production from T. virens 7b was detected based on a previous method (Milagres et al., 1999) . CAS-blue agar (1 L) was prepared using 60.5 mg CAS (Sigma) dissolved in 50 ml water distilled and then deionized and mixed with 10 ml iron (III) solution (1 mM iron (III) chloride hexahydrate (FeCl3·6H2O) (Friendermann Schmidt) and 10 mM hydrochloric acid (HCl) (Fisher Chemicals). The solution was added to 72.9 mg hexadecyltrimethylammonium bromide (HDTMA) (Sigma), which was dissolved in 40 ml water and resulted in a dark blue solution. The solution was autoclaved at 121°C for 15 min. Another mixture composed of 750 ml water, 15 g agar, 30.24 g 1,4-piperazinediethanesulfonic acid (PIPES) (Sigma), and 12 g of a 50% (w/w) sodium hydroxide (NaOH) (Merck) solution to raise the pH to the PIPES pKa (6.8) was prepared separately and autoclaved. The dye solution was poured and stirred slowly to avoid foaming. The petri dishes were prepared with 25 ml of 2% malt extract agar (MEA) (Merck) to culture each strain. The medium was cut in half after it solidified, and one half was replaced by CASblue agar. The halves containing the culture medium were inoculated with the fungi T. virens 7b and G. boninense. The inoculum was placed as far as possible from the borderline between the two media. The plates were incubated at 28°C for three weeks. Changes in the colour of CAS-blue agar due to T. virens 7b were monitored.
Statistical analysis
The statistical analyses were performed using the Statistical Package of Social Science (SPSS). Tukey's test at P < 0.05 was applied to determine whether differences between treatments were significant. All the data was arcsine transformed be- fore added to the statistical analysis.
Results
Identifying endophytic Trichoderma
Based on the PCR analyses, the ITS region was amplified at 700-750 bp. The sequence analysis for the 7b isolate exhibited 99% percent identity to the Trichoderma virens strain FT-333 isolated from soil that is available at the NCBI. The sequence data for 7b was deposited in GenBank with the accession number KT363920. The neighbour-joining tree method was used to group the species into two distinct branches (Fig. 1) 
Evaluating the antifungal properties of non-polar compounds
These data prompted further investigation into the potential effects of non-polar compounds produced by T. virens Table 2 . The inhibition of G. boninense PER 71 by the extracts was further illustrated in Fig. 2 . The hexane extract (50 mg/ml) showed significant effects on G. boninense PER 71 growth with a 62.60% ± 6.41 inhibition. However, the antifungal activity of the crude extract (50 mg/ml) was lower compared to hexane extract, which was 41.46% ± 4.12. The mycelium grew over the well with crude extracts on day 7 of incubation; however, the growth was slow compared with the negative control (blank DMSO). In addition, the extract's PIRG were compared with Benlate ® at the same concentration (50 mg/ml), and hexane extract has a closer comparison with the positive control. Furthermore, the inhibition of G. boninense by hexane extract of T. virens 7b showed a consistent inhibition throughout the replications. The activity of the non-polar compounds was further evaluated based on the G. boninense PER 71 mycelium growth rate for 8 days. Fig. 3 shows the growth pattern for the mycelium treated with different extracts for the 8 days. The growth rate of the G. boninense PER 71 treated with the hexane extract was significantly lower throughout the incubation period compared with the negative control and the mycelium treated with the crude extract. The control mycelium growth was 5.4 cm ± 0.01 after incubating for 8 days; however, the mycelium treated with the hexane extract was 2.2 cm ± 0.36. Furthermore, growth trends of G. boninense PER 71 treated with hexane extract was nearest to the growth of G. boninense PER 71 treated with Benlate ® . These results showed that T. virens 7b hexane extract retards the growth of G. boninense PER 71. Taken together, the above results suggest that the antifungal effect of T. virens 7b hexane extract was more significant against G. boninense PER 71 compared
Fig. 6. Preparative thin layer chromatography (TLC) fractions (F) from
Trichoderma virens 7b and the hexane extract effect compared using the inhibition zone distance (cm) with Ganoderma boninense PER 71. Blank dimethyl sulfoxide (DMSO) was used as a negative control. Each value is the mean percentage of three experiments ± standard deviation. Means within the same column followed by same superscript letters are not significantly different at P < 0.05 with Tukey's test. to other extracts. Hence, hexane extract was selected for further study on its antifungal activity against G. boninense.
Scanning electron microscope (SEM) images of the inhibitory zone
Scanning electron micrographs show that the T. virens 7b chemicals and extracts inhibited G. boninense PER 71 hyphal growth in different ways (Fig. 4) . The G. boninense PER 71 control sample showed normal structure organization, including a perfectly shaped mycelium with a clamp connection (Fig. 4A) . However, G. boninense PER 71 subjected to extracts exhibited severe deformation. The SEM images show irregular swelling and lysed hyphae after treating with 50 mg/ml of crude extract for 7 days (Fig. 4B) . The hexane extract (Fig. 4C) further damaged the G. boninense PER 71 hyphal network. The destructive effects of the hexane extract (50 mg/ml) lysed and severely damaged the G. boninense PER 71 hyphae. This observation confirms the fungicidal effects of the T. virens 7b non-polar compounds as a defence against G. boninense PER 71. Benlate ® (Fig. 4D) , which is a chemical fungicide, showed a similar effect on the hyphae as the hexane extract, which further demonstrates the antifungal properties of non-polar compounds released by T. virens 7b.
Isolating the antifungal compounds from active hexane extract
The hexane extract was further studied through separation using preparative silica gel TLC. Twelve fractions were recovered (Fig. 5A ). The crude extract (10 mg/ml) and 12 fractions (10 mg/ml) recovered from preparative silica gel TLC were assayed using a modified well diffusion assay (Fig. 5B , C, and D). Among these 12 fractions, fraction 4 (6.79 mg) with the Rf value 0.67 and fraction 5 (7.78 mg) with the Rf value 0.55 were active against G. boninense (Fig. 6) , with an inhibition zone of 1.31 cm ± 0.20 and 1.68 cm ± 0.19, respectively ( Fig. 5C and D) . Similar assays were conducted using the crude hexane extract and resulted in an inhibition zone of 1.14 cm ± 0.10. The results show that fraction 5 exhibited a significantly higher antifungal activity compared with the crude extract and their significant difference was shown by the difference in letters on the histogram (Fig.  6) . Furthermore, the level of G. boninense PER 71 inhibition with fraction 5 and positive control, Benlate ® (1.97 cm ± 0.12) was found to be insignificant as the antifungal compounds in fraction 5 was equally effective as the chemical fungicide. However, healthy G. boninense PER 71 was observed on control plate incorporated with only DMSO and the well was covered within 4 days of incubation as showed in Fig. 5B .
Identifying the non-polar compounds produced by T. virens 7b through GC/MSD
Fraction 4 and fraction 5 were pre-concentrated from the P-TLC and further analysed using GC/MSD to identify the compounds therein due to their higher antifungal activity. The results are shown in Tables 3 and 4 are from a preliminary screen of the natural compounds produced by T. virens 7b that were responsible for inhibiting G. boninense PER 71; the chromatograms are shown in Fig. 7A and B. A total of 38 compounds in fraction 4 (9 unknown compounds) ( Table 3 ) and 24 compounds in fraction 5 (11 unknown compounds) (Table 4) were identified using the NIST library. Most compounds were identified with a greater than 50% probability. The compounds detected in the T. virens 7b hexane extract are members of the following compound classes: ketones, alcohols, aldehydes, lactones, sesquiterpenes, monoterpenes, sulphides, and free fatty acids; their antifungal properties were reviewed previously (Fernando et al., 2005; Pohl et al., 2011; Morath et al., 2012) . γ-Lactone, namely that of 2(3H)-furanone, 5-ethyl dihydro, 2(3H)-furanone, dihydro 5-methyl, 2(3H)-furanone, dihydro-5-propyl, 2(3H)-furanone, 5-butyl dihydro, and 2(3H)-furanone, dihydro-5-pentyl were first reported to be produced by T. virens. γ-Lactones are natural products that belong to a class of compounds with various biological activities, such as antifungal, antimicrobial, and anticancer activities (Yanai, 2015) . Phenylethyl alcohol was another compound that has never been reported by T. virens. Fig. 8A shows the mass spectrum of the compound Figure  8B shows the mass spectrum and structure for PEA in the NIST library. PEA is likely responsible for the greater inhibition exhibited by fraction 5 towards G. boninense PER 71. Commercial PEA was tested for its antifungal activity against G. boninense PER 71 and the PIRG of G. boninense PER 71 with increasing concentration of PEA was shown in Table 5 . The results showed that there was no further growth of G. boninense PER 71 when PEA was at concentration of 1.6 mg/ml or higher.
Detecting siderophore production from T. virens 7b
Siderophore production by the antagonistic fungi and pathogenic fungi was compared. Siderophore production by T. virens 7b was positive because the CAS-blue agar colour changed from blue to pale yellow ( Fig. 9A and B) . T. virens 7b required only 3 days to cover the plate-half containing the medium, and the colour changed when T. virens 7b grew on the CAS-blue agar. The T. virens 7b rapidly produced siderophores because most of the CAS-blue agar turned pale yellow in colour after 21 days of incubation. The responses were consistent among all replicates. However, the G. boninense PER 71 siderophore production was relatively slow compared with T. virens 7b based on the CAS reaction ( Fig.  9C and D) .
Discussion
The Trichoderma genus has been extensively investigated as a BCA against various pathogens, such as Ganoderma boninense (Sundram et al., 2008; Sundram, 2013) , which is the main pathogen in this study. The endophytic Trichoderma was first used to suppress G. boninense by Sundram (2013) and the rate of BSR disease development in oil palm seedlings was reduced by 36% after treatment of T. virens 7b (Sundram et al., 2016) . Through the study above, T. virens 7b was found to produce diffusible metabolites that changed the PDA-incorporated Benlate ® to brown, thus inhibiting pathogen's growth, which was shown in a separate study by Sundram (2005) . Benlate ® was incorporated in the agar to suppress Trichoderma mycelia growth without inhibiting diffusible metabolite production (Schoeman et al., 1996) . Benlate ® is a commercially available fungicide that inhibits growth of certain fungal diseases, and it functions by disrupting spindle microtubule formation, which eventually stops mitosis and inhibits growth. This action prevents Trichoderma growth into the second layer of agar but allows G. boninense PER 71 growth in the minimum Benlate ® concentration. Although it does reduce the growth of the pathogen in control plates, the incorporation of T. virens 7b further suppresses the mycelium growth proving the secretion of diffusible metabolites. The bilayer plate technique is a useful method to assess potential diffusible antifungal compounds secreted from BCA candidate through the inhibition of the pathogen growth (Etheridge and Craig, 1973) . Hexane extract was found to be most inhibitory on G. boninense PER 71. There was an antifungal activity compared to the other two extracts namely butanol and EtOAc. The results indicate that hexane extract gives a greater inhibitory effect than the crude extract, which may be attributed to enriching the main antifungal agents through the hexane extract without interference from other compounds with different polarities (Krishna Reddy et al., 2009) . The hexane extract was as effective as the commercial fungicide Benlate ® against G. boninense PER 71 tested at the same concentration. Hence, the extract was selected for further investigation which involved identification of potential antifungal compounds. The hexane extract mode of inhibition was further elucidated based on the graph in Fig. 3 , which clearly indicates that hexane extract retards G. boninense PER 71 growth. It is assumed that several potential non-polar antifungal agents produced by T. virens 7b strongly antagonized G. boninense PER 71 and produced the fungicidal effect. The physical mechanism was further explored via SEM, which successfully deciphered and supported the inhibition data discussed previously. The hyphal network was morphologically distorted compared with a control hyphae network. A study by Sundram et al. (2011) reported a similar observation using different bacterial control agents against the same pathogen. A similar effect was observed in other fungi mycelia when an extract with antifungal properties was introduced (Li et al., 2014) . The activity of T. virens 7b dominance was achieved through biosynthesis of a wide array of secondary metabolites, and the metabolism thereof responsible for its antifungal activities (Reino et al., 2007) . This study shows that the non-polar compounds play a greater role in inhibiting the pathogenic fungi G. boninense PER 71. Upon further scrutiny, the antifungal activity of fractions 4 and 5 in the hexane extract was responsible significantly for a greater level of inhibition compared with the crude hexane extract. Between the two, fraction 5 demonstrated a greater antifungal effect on G. boninense PER 71 than the crude hexane extract and was also not significantly different from Benlate ® . This data explains the enrichment of the active antifungal compounds which was possible through fractionation of the crude hexane extract using preparative TLC. Potent antifungal agents may also exhibit a greater effect when interferences are reduced (Krishna Reddy et al., 2009) . The preliminary purification and characterization of the compounds from the preparative TLC active fractions 4 and 5 identified antifungal agents that might be responsible for suppressing G. boninense PER 71 growth (Tables 3 and 4) . This is the first report on the production of γ-lactone by T. virens, whereby this compound is a natural product that belongs to a class of compounds with various biological activities, such as antifungal, antimicrobial, and anticancer activities (Yanai, 2015) . These γ-lactones may have played a role in the antifungal activities of fraction 4 in T. virens 7b against G. boninense PER 71. There were also a number of fatty acids identified and these compounds have previously been reported to exhibited antifungal and antibacterial activities (Hilgren and Salverda, 2000; Aneja et al., 2005; Pohl et al., 2011) . Fatty acids are less effective compared with chemical fungicides, but they also pose fewer environmental risks (Pohl et al., 2011) . Sesquiterpenes, such as tau-muurolol, α-cadinol, and isolongifolene are associated with potential activity (Ho et al., 2012; Jagatheesh et al., 2013) . In the study by Fernando et al. (2005) compounds such as aldehydes (nonanal) and alcohol (1-hexanol, 2-ethyl) and sulphides (benzothiazole) exhibited high antifungal activity. In addition, L-α-terpineol and triacetin also exhibited antifungal properties (Hassan et al., 2010; Stević et al., 2014) . As mentioned earlier, fraction 5 exhibited greater G. boninense PER 71 suppression than fraction 4. The strong antifungal activity against G. boninense PER 71 may have been due to the presence of PEA in fraction 5. Significant suppression of G. boninense PER 71 was observed when a commercially purchased PEA was tested against the pathogen. The activity of PEA was also previously evaluated and reported by Singh et al. (2012) . PEA was reported to significantly reduced fungal growth in order to prolong the postharvest life of strawberries (Mo and Sung, 2007) . This compound has been reported in T. harzianum (Siddiquee et al., 2012) and T. atroviride (Stoppacher et al., 2010) cultures, but never in T. virens. This is the first report on the secretion of PEA by T. virens and has been filed for patent (PI 2016700979) .
Iron is an essential element that plays an important role in the growth of most microbes. This acquisition of this element in fungi is through a chemical structure known as siderophore. Based on the observations herein, T. virens 7b aggressively produces siderophores demonstrated by the changes of the CAS-blue agar colour to pale yellow (Lehner et al., 2013) . However, the CAS colour change depends on the type of microorganism, such as fungi or bacteria. Previous studies show that fungi produce hydroxamate siderophores, whereas bacteria produce catecholates (Pérez-Miranda et al., 2007) . Hydroxamate is a type of siderophore that appears in pale yellow upon secretion by the fungi (Miethke and Marahiel, 2007) . The literature reveals that Trichoderma species are hydroxamate producers and claims that hydroxamate siderophore excretion is a highly stable constant that may be a factor of ecological predominance (van der Helm and Winkelmann, 1994; Wilhite et al., 2001) . The rate of siderophore production is also important for nutrient competition with pathogens because the siderophores must rapidly acquire available nutrients before the pathogen, and T. virens 7b fulfils the potential competitor requirements. Rapid siderophore produce for iron uptake has been an advantage of T. virens 7b in nutrient competition with G. boninense PER 71 (slow siderophore producer), allowing T. virens 7b to become a potential BCA. Nutrient competition is a successful mechanisms of BCA in antagonistic interactions with plant pathogens, which is closely related to siderophore production for iron acquisition (Loper and Buyer, 1991) . This study reveals that T. virens 7b can use high-affinity iron transport systems and efficiently produce siderophores to compete against pathogens under iron deficient conditions. These results may aid the understanding of T. virens 7b as a BCA for future applications to control BSR disease on oil palm. This study serves a precursor for future research that should focus on developing T. virens 7b as a commercial biofungicide. This paper elucidates the defence mechanisms of T. virens 7b against G. boninense through physical and chemical studies, which are important characteristics of biofungicide development. In the future, T. virens 7b has the potential to be mass produced and further formulated into a biofungicide to suppress G. boninense in the field through mechanical means.
